The effect of initial water saturation on gas recovery by cocurrent spontaneous water imbibition and imbibition rate was investigated both theoretically and experimentally. Equations correlating initial water saturation, gas recovery, imbibition rate, rock/fluid properties, and imbibition time were derived and used to conduct the theoretical analysis. These equations foresee that gas recovery and imbibition rate could increase, remain unchanged, or decrease with increase in initial water saturation, depending on rock properties, the quantity of residual gas saturation, the range of initial water saturation, and the units used in the definitions of gas recovery and imbibition rate. The theoretical predictions were verified experimentally by conducting spontaneous water imbibition at five different initial water saturations, ranging from 0 to about 50%. Water phase relative permeabilities and capillary pressures were calculated using the experimental data of spontaneous imbibition. The effects of initial water saturation on residual gas saturation, water phase relative permeability, and capillary pressure were also studied experimentally. The results in different rocks were compared. It was found that the residual gas saturation by spontaneous imbibition in a fired Berea sandstone sample (clay was removed by firing) was lower than in a natural Berea sandstone sample (clay was not removed). This demonstrates significant wettability alteration caused by firing. In other words, there may be significant wettability differences among different gas-liquid-rock systems.
Introduction
Spontaneous water imbibition is an important mechanism during water injection. Prediction of recovery and imbibition rate by spontaneous water imbibition is essential to evaluate the feasibility and the performance of water injection. For example, is water injection effective in the case of high initial water saturation in reservoirs? Answers to such a question may be found by investigating the effect of initial water saturation on spontaneous water imbibition.
It has been observed experimentally that initial water saturation affects recovery and production rate significantly [1] [2] [3] [4] [5] [6] [7] . However the experimental observations from different authors [1] [2] [3] [4] [5] [6] [7] are not consistent. On the other hand, few studies have investigated the effect of initial water saturation on recovery and imbibition rate theoretically, especially in gas reservoirs.
Using numerical simulation techniques, Blair 1 found that the quantity and the rate of oil produced after a given period of imbibition increased with decrease in initial water saturation for countercurrent spontaneous imbibition.
Zhou et al. 2 studied the interrelationship of wettability, initial water saturation, and oil recovery by countercurrent spontaneous imbibition and waterflooding in oil-water-rock (Berea sandstone) systems. The porosity of the 41 core samples ranged from 20.5 to 22.6% and the permeability from 194 to 394 md. Experiments were conducted at three values of initial water saturation, around 15, 20, and 25% respectively. Zhou et al. 2 found that both imbibition rate and final oil recovery in terms of oil originally in place (OOIP) increased with increase in initial water saturation, whereas oil recovery by waterflooding decreased.
Viksund et al. 3 , who conducted 51 countercurrent spontaneous imbibition tests in different rocks with a wide range of porosity and permeability in oil-water-rock systems, found that the final oil recovery (OOIP) by spontaneous water imbibition in Berea sandstone showed little variation with change in initial water saturation from 0 to about 30%. The variation in final oil recovery obtained by Zhou et al. 2 in Berea sandstone was great, as a comparison. Viksund et al. 3 reported that the final oil recovery (OOIP) by spontaneous imbibition in chalk showed significant variation and decreased systematically with increase in initial water saturation ranging from 0 to about 51%. The imbibition rate in Berea sandstone decreased with increase in initial water saturation from 0 to 6%, reaching a minimum for the range 6 to 15%, and then increased with increase in initial water saturation from 15 to 30%. For the chalk samples tested by Viksund et al. 3 , the imbibition rate first increased with increase in initial water saturation and then decreased slightly as initial water
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Cil et al. 4 reported that the oil recovery (in terms of recoverable oil reserve) for zero and 20% initial water saturation showed insignificant differences in behavior. However, the oil recovery for initial water saturation above 20% increased with increase in initial water saturation. The countercurrent spontaneous imbibition experiments were conducted in Berea sandstone.
Tong et al. 5 , who also studied the effect of initial water saturation on oil recovery in Berea sandstone with air permeability ranged from 80 to 100 md, found that imbibition (countercurrent) rate was very sensitive to initial water saturation. After scaling, the oil recovery (OOIP) at a specific imbibition time increased with increase in initial water saturation for the range from 11.0 to 28.0%. Before scaling, the oil recovery did not vary systematically with initial water saturation.
Li and Firoozabadi 6 performed spontaneous water and oil imbibition (cocurrent) in gas-saturated rocks (Berea sandstone) at different initial water saturations. The final gas recovery in the units of gas originally in place (GOIP) by spontaneous imbibition decreased with increase in initial water saturation in both gas-oil-rock and gas-water-rock systems. The imbibition rate (GOIP/minute) increased with increase in initial water saturation at early time but decreased at later time. Li and Firoozabadi 6 also found that gas recovery by both spontaneous oil and water imbibition in chalk was greater than that in Berea.
Akin et al. 7 , who carried out spontaneous water imbibition (cocurrent) in diatomite with and without initial water saturation, found that the oil recovery in the units of fraction of pore volume in diatomite without initial water saturation was greater than that with initial water saturation (close to about 60%). The residual oil saturation was unaffected significantly by initial water saturation.
In this study, equations, derived theoretically, were used to study the effect of initial water saturation on gas recovery and imbibition rate. The equations correlate recovery, imbibition rate, initial water saturation, rock/fluid properties, and other parameters, which predict significant effect of initial water saturation on recovery and imbibition rate in some cases but not in other cases. Experiments of spontaneous water imbibition in gas-saturated rocks were conducted to confirm the theoretical predictions. The initial water saturation ranged from 0 to about 50%. The effect of rock properties on gas recovery and imbibition rate was also studied. An X-ray CT scanner was used to monitor the distribution of the initial water saturation to confirm that the initial distribution of the water saturation was uniform. The experimental results were compared to the data published in the literature.
Mathematics

Li and Horne
8 derived an equation to scale cocurrent spontaneous imbibition data in gas-liquid-rock systems based on a model developed previously 9 . This equation constitutes the relationship between the normalized recovery, R * , by spontaneous imbibition and the dimensionless time, t d , with initial water saturation, relative permeability, capillary pressure, and gravity included. Using this equation, the effect of initial water saturation on imbibition rate was investigated analytically in this section. The equation is expressed as follows:
where the normalized recovery R * is calculated:
Here R is the gas recovery in terms of pore volume and is equal to N wt /V p ( N wt is the cumulative volume of water imbibed into rocks and V p is the pore volume). c is a coefficient associated with the ratio of the gravity force to the capillary force, c=b/a. The two constants, a and b, are calculated using the following expressions 9 :
where A and L are the cross-section area and the length of the core respectively. µ w is the viscosity of water, S wi the initial water saturation, S wf the water saturation behind the imbibition front, k w the effective permeability of water phase at S wf , P c the capillary pressure at S wf ; ∆ρ is the density difference between water and gas, and g is the gravity constant. The dimensionless time t d is formulated as follows 8 :
where k is the absolute permeability and k rw the relative permeability of the core sample. L a is the characteristic length, which is equal to the core length in our case, and t is the imbibition time.
Li and Horne 8 pointed out that Eq. 1 could be reduced in some cases. For example, Eq. 1 can be reduced as follows when gravity force is neglected:
Eq. 6 can be deduced as follows using Eqs. 3, 4, and 5:
Note that Eq. 7 can be reduced to the Handy 10 equation when the effect of initial water saturation is not included.
For convenience, Eq. 7, the reduced form of Eq. 1, was used in this study to analyze the effect of initial water saturation on recovery (R) and imbibition rate, even though gravity force may not be neglected in some cases. Note that the same analysis could be made using Eq. 1 but it is more difficult to do so.
According to Eq. 7, the gas recovery in the units of pore volume (or the amount of water imbibed into rock) increases with decrease in initial water saturation, as long as S wf , k w , and P c do not vary with initial water saturation. Li and Horne 8 confirmed experimentally that there was little effect of initial water saturation on S wf , k w , and P c in gas-liquid-rock (Berea sandstone) systems. This will also be further proved in this paper and will be discussed later in more detail.
Considering that S wf is closely equal to 1-S gr for spontaneous imbibition in gas-saturated rock, the gas recovery in the units of GOIP, defined as R GOIP = N wt /(1-S wi )V p , can be expressed as follows based on Eq. 7: , which is referred to as the saturation coefficient. The saturation coefficient may increase, decrease or even not change with initial water saturation, which depends on the values of residual gas saturation and initial water saturation. This will be explained graphically in more detail. Fig. 1 shows the effect of initial water saturation on the saturation coefficient at different values of residual gas saturation ranging from 10 to 50%. For residual gas saturation less than 30%, the saturation coefficient increases with increase in initial water saturation. So does the gas recovery in the units of GOIP. For residual gas saturation near 30%, the saturation coefficient varies very little with initial water saturation, which implies that there is little effect of initial water saturation on R GOIP . For residual gas saturation greater than 30%, the effect of initial water saturation on the saturation coefficient is complicated. The saturation coefficient first changes little with initial water saturation for S wi less than a specific value (about 30% when S gr is equal to 40%) and then decreases with increase in initial water saturation for greater S wi (see Fig. 1 ).
The final gas recovery by spontaneous imbibition in the units of GOIP, represented by R ∞ , is calculated as follows:
We can see from Eq. 9 that the final gas recovery by spontaneous imbibition in the units of GOIP decreases with increase in initial water saturation if the residual gas saturation does not change with initial water saturation, which is true in some cases 8 . Imbibition rate q, defined as dN wt /dt, can be obtained from Eq. 7:
We can see from Eq. 10 that imbibition rate (in the units of ml/minute) increases with decrease in initial water saturation at the same imbibition time if S wf , k w , and P c are constant at different initial water saturations, which was already demonstrated experimentally by Li and Horne 8 . Imbibition rate can also be expressed in a different way, for example, in the units of fraction of GOIP/minute: where q GOIP is the imbibition rate in the units of fraction of GOIP/minute, defined as dR GOIP /dt.
Referring to Fig. 1 and Eq. 11, we can see that imbibition rate in the units of fraction of GOIP/minute can increase, stay constant, and decrease with increase in initial water saturation. Note that imbibition rate in the units of ml/minute always increases with decrease in initial water saturation, as foreseen in Eq. 10.
Eqs. 8 and 11 demonstrate that the effect of initial water saturation on R GOIP and q GOIP may be different in different ranges of initial water saturation and in different rocks in which S gr may be different. This may be why experimental observations from different researchers seem to be inconsistent.
Similar analysis to the effect of initial water saturation on gas recovery and imbibition rate can be made if units other than those discussed here are used.
Note that Eq. 1 was derived from the following equation by Li and Horne 8 :
Using Eq. 12, the effective or relative permeability of the water phase and the capillary pressure can be calculated simultaneously 8 . The theoretical predictions regarding the effect of initial water saturation on gas recovery (in the units of either pore volume or GOIP) and imbibition rate will be compared to the experimental results and discussed later in more detail.
Experiments
Air was used as the gas phase and distilled water as the liquid phase in this study. The natural Berea sandstone sample (clay was not removed by firing) had an air permeability of around 804 md and a porosity of about 21.2%; its length and diameter were 9.962 cm and 4.982 cm. The results from this core were compared to the data obtained previously 8 from another Berea sandstone sample fired at a temperature of 600 o C to remove the clay. The fired Berea sandstone sample had a permeability of around 1200 md and a porosity of about 24.5%; its length and diameter were 43.5 cm and 5.06 cm.
A schematic of the apparatus, similar to that used by Li and Horne 8 , is shown in Fig. 2 . The core sample was hung under a Mettler balance (Model PE 1600), which had an accuracy of 0.01g and a range from 0 to 1600 g. The water imbibed into the core sample was recorded in time by the balance using an under-weighing method and the real-time data were measured continuously by a computer through an RS-232 interface.
Care was taken to keep the core vertical. However, a bubble covered up part of the bottom surface of the core. The system was left standing for about three hours. The final water saturation by spontaneous water imbibition was measured by weighing after the imbibition test and was used to calibrate the initial experimental data.
A modification to the imbibition test apparatus was made to remove the bubble. A stainless steel tubing with an outside diameter of 1/8 inch was taped vertically to the side of the core; the end of the tubing was bent to the core bottom surface. Therefore, any air pockets could leave the inverted cup-like enclosure through the tubing. This modification was implemented at different initial water saturations. There were no bubbles trapped at the bottom of the core during the experiments with this modification.
The initial water saturation in the core was established using the air injection method. The core was kept horizontal to attempt to lessen the effect of gravity on the water distribution. The pressure used for air injection ranged from 3 to 7 psig, depending on the level of saturation and how quickly the core appeared to dry. The air was injected from either outlet or inlet, switching back and forth every 5 minutes or so. Care was also taken to inject the same air pressure at both ends of the core for maximum uniformity. The distribution of initial water saturation was monitored using an X-ray CT method, which will be presented in the next section. The experimental procedure was similar to that used by Li and Horne. 8 
Results
Experiments were conducted at five different initial water saturations, 0, 20.04, 30.05, 40.03, and 50.00%. The results and the analysis are described in this section.
Distribution of initial water saturation.
It is important to have initial water saturation distributed uniformly. The X-ray CT method was used to measure the distribution of porosity and the water saturation in the core. Fig. 3 shows the distribution of CT values of the core when it was dry, wet (saturated with water completely), and after initial water saturation was established (one example). CT dry in this figure represents the CT value of the core when the sample is airsaturated; CT wet represents the CT value of the core when saturated with water completely and CT obj the CT value after initial water saturation was established. Porosity and water saturation at different positions in the core were calculated using the CT values 11 . The distribution of porosity and the initial water saturation in the core are plotted in Fig. 4 . It can be seen that this core, with uniform distribution of initial water saturation, was sufficiently homogeneous to be used to conduct water imbibition tests.
Effect of S wi on gas recovery. The relationship between the gas recovery in the units of pore volume and the imbibition time is shown in Fig. 5 for five different values of S wi : 0, 20.04, 30.05, 40.03, and 50.00%. Fig. 5 shows that the gas recovery in the units of pore volume increased with decrease in S wi at the same imbibition time above about one minute, which is consistent with the theoretical prediction made previously (see Eq. 7).
If gas recovery is defined using different units (for example, in terms of pore volume and GOIP), the relationship between the gas recovery and the initial water saturation can be different according to the theoretical analysis (see Eqs. 7 and 8) . This phenomenon is demonstrated in Fig. 6 (also refer to Fig. 5 ). R GOIP increased with increase in S wi at the same imbibition time but not very significantly for S wi from 0 to about 30% and then decreased significantly for S wi above about 40%. This experimental observation is remarkably consistent with the theoretical prediction made previously (see Eq. 8 and Fig. 1 ; the residual gas saturation of the core was about 40%). Viksund et al. 3 also observed experimentally that the effect of S wi on R GOIP was different in different ranges of S wi for spontaneous water imbibition in oil-saturated chalk and Berea sandstone.
The effect of S wi on the final gas recovery is shown in Fig.  7 . We can see that the final gas recovery (GOIP) decreased with increase in S wi . This is consistent with the theoretical analysis (see Eq. 9) and the observations by other authors 6, 7 . Also shown in Fig. 7 is the final gas recovery measured by Li and Horne 8 in a fired Berea sample. The final gas recovery (GOIP) also decreased with increase in S wi in the fired core but was significantly greater than that in the natural Berea sandstone. Only two parameters, permeability and wettability, are likely to have been altered significantly by firing. It is known that gas recovery by spontaneous imbibition is not directly proportional to permeability. Therefore, the enhanced gas recovery in the fired Berea sandstone may demonstrate significant wettability alteration caused by firing in gas-liquidBerea sandstone systems. In other words, there may be significant differences between wettability properties of different gas-liquid-rock systems. This is interesting because it has been assumed for long time in the petroleum industry that the contact angle through the liquid phase is zero in gas-liquidrock systems, which implies no significant differences between wettability properties of different gas-liquid-rock systems.
How to determine the wettability in gas-liquid-rock systems is another important challenge. Li and Horne 12 discussed this in more detail.
Effect of S wi on residual gas saturation. Fig. 8 shows that the residual gas saturation by spontaneous water imbibition is unaffected by initial water saturation. This is consistent with our previous observation in a fired Berea sandstone sample 8 , which is also plotted in Fig. 8 . We can see from this figure that the residual gas saturation in the fired Berea sandstone is less than in the natural Berea sandstone. This may also be attributed to the wettability alteration by firing the rock, as analyzed previously for the effect of S wi on the final gas recovery.
Effect of S wi on imbibition rate. The imbibition rate in the units of ml/minute decreased with increase in S wi at the same imbibition time, as shown in Fig. 9 . This is also consistent with our theoretical prediction (see Eq. 10).
The effect of the initial water saturation on the imbibition rate in the units of GOIP/minute is demonstrated in Fig. 10 . For the data obtained before the imbibition front reached the top of the core, q GOIP changed very little with increase in S wi at the same imbibition time for S wi from 0 to about 30% and then decreased for S wi above about 40% (see Fig. 10 ). The experimental observation is also remarkably consistent with our theoretical prediction (see Eq. 11 and Fig. 1 , referring to the curve with the residual gas saturation of 40%). Note that Eq. 1 is appropriate for the data obtained before the imbibition front reached the top of the core. For the data obtained after the imbibition front reached the top of the core, q GOIP decreased with increase in S wi for all the values of S wi studied.
Effect of S wi on relative permeability. Previously we reported that effective or relative permeability of the water phase could be inferred from cocurrent spontaneous imbibition 8 . The experimental data, in the form of imbibition rate versus the reciprocal of gas recovery in the units of pore volume, are plotted in Fig. 11 . The relationships between imbibition rate and the reciprocal of gas recovery are satisfactorily linear at all the initial water saturations studied, as foreseen by Eq. 12. Another interesting phenomenon observed in Fig. 11 is that all the straight lines do not go through the origin point, which implies that the gravity force may not be neglected in the core with a liquid permeability of about 500 md.
The effective permeabilities of the water phase calculated using Eq. 12 along with Eq. 4 are almost unaffected by initial water saturation, as shown in Fig. 12 . Also shown in this figure are the effective permeabilities of the water phase computed by Li and Horne 8 in a fired Berea sandstone core. Fig. 12 shows that there is little difference in the water effective permeabilities between the natural and the fired Berea sandstone samples. However the relative permeabilities of the water phase are different, as shown in Fig. 13 . The water relative permeabilities in the fired Berea are less than in the natural Berea (this study), which shows qualitatively that the rock wettability might be altered to more water-wet by firing.
Effect of S wi on capillary pressure. The capillary pressures at S wf calculated using Eq. 12 along with Eqs. 3 and 4 are shown in Fig. 14. The effect of initial water saturation on capillary pressure is almost neglected, which is consistent with our previous observation in a fired Berea sample 8 (see Fig. 14) . The capillary pressure in the fired Berea sandstone is greater than in the natural Berea core, which may also demonstrate qualitatively that the rock wettability might be altered to more water-wet by firing.
Gas recovery in different rocks.
The experimental data of the final gas recovery in the units of GOIP by spontaneous imbibition in four different rocks, natural Berea, fired Berea, chalk, and graywacke are plotted in Fig. 15 . R GOIP increases in the sequence of natural Berea, fired Berea, chalk, and graywacke. We can see from this figure that there is no correlation between R GOIP and permeability, as expected.
Imbibition rates in different rocks. Fig. 16 shows the experimental data of imbibition rate (ml/minute) in four different rocks, natural Berea, fired Berea, chalk, and graywacke for the first 40 minutes. Apparently the imbibition rate increases with increase in rock permeability. Although the wettability in different rocks may be different, the effect of permeability on imbibition rate seems to be dominated.
Discussion
The theoretical analysis in this study was based on Eq. 7, which was derived by assuming that the cocurrent spontaneous imbibition in gas-saturated rock would be a piston-like process. Another assumption was that the gas phase mobility was infinite, compared to the liquid phase. In such a simple case, the effect of initial water saturation on gas recovery and imbibition rate is complicated according to the theoretical calculations and the experimental observations. In oil-waterrock systems, neither oil phase nor water phase mobility can be infinite. Therefore the theoretical models governing spontaneous imbibition will be more complicated than Eq. 7. The effect of initial water saturation on oil recovery and imbibition rate in oil-water-rock systems would be very complicated, as has been already observed [1] [2] [3] [4] [5] . However, the tendency may be similar. The inconsistent experimental observations in different rock-fluid systems or from different researchers may be the representation of fluid flow mechanisms that govern the spontaneous imbibition in porous media.
It is difficult to establish initial water saturation with uniform distribution at low values. This is why the experimental results at low initial water saturations were absent in this study. It will be interesting to have these data fulfilled and further confirm the theoretical predictions at low initial water saturations.
There are many parameters that affect spontaneous imbibition. It is also interesting to identify which parameter is the dominant one in a specific case. For example, permeability may be the dominant parameter to influence imbibition rate and wettability may be the dominant parameter to influence residual gas saturation. Initial water saturation along with wettability may be the major parameters that determine the final recovery.
Conclusions
Based on the present study, the following conclusions may be drawn: 1. The gas recovery in the units of pore volume and the imbibition rate in the units of ml/minute decreased with increase in initial water saturation. 2. The gas recovery in the units of GOIP and the imbibition rate in the units of GOIP/minute increased slightly with increase in initial water saturation ranging from 0 to about 30% but decreased for initial water saturation above. 3. The final gas recovery decreased but the residual gas saturation was unchanged with increase in initial water saturation. The final gas recovery in the fired Berea sandstone was greater than in the natural Berea sandstone. Accordingly, the residual gas saturation in the fired Berea sandstone was less. 4. The water phase relative permeability in the fired Berea was less than that in the natural Berea while the capillary pressure in the fired Berea was greater than in the natural Berea. 5. There was little effect of initial water saturation on residual gas saturation, water phase relative permeability, and capillary pressure at S wf . 6. The imbibition rate increased with increase in permeability. The final gas recovery in different rocks was different and not correlated to permeability as expected.
In general, most of the experimental observations are consistent with our theoretical predictions. 
